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Introduction
Sodium channel inhibitor (SCI) drugs, an important group of therapeutic agents that include local anesthetics, class I anticonvulsants, and class I antiarrhythmics, have been in clinical use for over a century. Elucidating the molecular details of their action on sodium channels remains relevant to modern drug discovery efforts (Scholz, 2002) . Voltage-gated sodium channels are also the molecular targets for SCI insecticides, a structurally diverse group of insect control agents of increasing importance (Wing et al., 2005; Silver and Soderlund, 2005a) . Metaflumizone (Fig. 1A) , a new agent to control fleas on domesticated animals, is identified as a novel type of SCI insecticide based on its state-dependent inhibition of insect sodium channels (Salgado and Hayashi, 2007; Silver et al., 2009) . Indoxacarb (Fig. 1C) , the first and only other commercialized SCI insecticide, is a proinsecticide that is converted in insects to its active metabolite, DCJW ( Fig. 1C) (Wing et al., 2005) . Other SCI insecticides include dihydropyrazoles (e.g. RH-4841; Fig. 1B ) and arylalkylbenzhydrolpiperidines (BZPs) that were not commercialized because of their high toxicity to mammals (Silver and Soderlund, 2005a) . SCI insecticides exhibit little or no effect on sodium channels under experimental conditions that promote resting, activated, or fast-inactivated channel conformations, but they cause a slowly-developing inhibition of sodium currents under experimental conditions that promote slow inactivation of channels (Salgado, 1992 , Zhao et al., 2003 , Silver and Soderlund, 2005b , 2007 . Moreover, SCI insecticides typically cause hyperpolarizing shifts in the voltage dependence of slow inactivation and impede recovery from slow inactivation. Thus, SCI insecticides appear to selectively bind to and stabilize sodium channels in a slow-inactivated state. The state-dependent action of SCI insecticides is analogous to that of SCI drugs that This article has not been copyedited and formatted. The final version may differ from this version. 5 typically exhibit a preferential interaction with activated or fast-inactivated channels (Ragsdale et al., 1996) . Unlike therapeutic drugs, the apparent association kinetics of SCI insecticides are very slow, on the order of several minutes. Such slow kinetics preclude the direct inhibition of channels in transient conformations, such as the activated or fast-inactivated states. Therefore, SCI insecticides do not exhibit any frequency-or use-dependent inhibition in response to repetitive stimulation (Silver and Soderlund, 2005b; Salgado and Hayashi, 2007) , a hallmark of many SCI drugs.
SCI insecticides share common molecular determinants for binding to mammalian sodium channels with SCI drugs. SCI drugs bind at the "local anesthetic (LA) receptor" in the inner pore, involving residues in the S6 segments of homology domains I, III and IV (for review, see Mike and Lukacs, 2010) . Two residues (F1579 and Y1586) in DIV-S6 of rat Na v 1.4 channels, identified previously as critical determinants of state-dependent SCI drug block, also are important determinants of SCI insecticide action (Silver and Soderlund, 2007) . Alanine substitution at F1579 significantly reduces the extent of channel inhibition by both SCI drugs (Ragsdale et al., 1996; Wang et al., 1998; Wagner et al., 2001) and insecticides (Silver and Soderlund, 2007) . Mutations analogous to Y1586A in rat Na v 1.4 also significantly reduce the affinity of inactivated rat Na v 1.2 (Ragsdale et al., 1996) and Na v 1.3 channels (Li et al., 1999) for some classes of therapeutic SCI drugs. However, the Y1586A mutation paradoxically enhances the extent of Na v 1.4 channel inhibition by SCI insecticides (Silver and Soderlund, 2007) .
Interestingly, the F1817A mutation in the German cockroach BgNa v 1-1a sodium channel (analogous to F1579A in rat Na v 1.4) apparently enhances DCJW and metaflumizone inhibition, whereas the Y1824A mutation in BgNa v 1-1a (analogous to Y1586A in Na v 1.4) selectively decreases inhibition by metaflumizone (Silver et al., 2009) . Together, these data suggest that SCI This article has not been copyedited and formatted. The final version may differ from this version. (Wellinga et al., 1977; Grosscurt et al., 1979; Hasan et al., 1996) .
Metaflumizone, which lacks the central heterocyclic moiety of other SCI insecticides, is a flexible molecule that may assume binding conformations that are not available to other SCI insecticides. The present study was designed to characterize the action of metaflumizone on Na v 1.4 sodium channels expressed in Xenopus laevis oocytes and test the hypothesis that metaflumizone shares the DIV-S6 binding determinants identified for other SCI insecticides on Na v 1.4 channels. We report here that metaflumizone is an effective state-dependent inhibitor of Na v 1.4 channels and show that substituting alanine for F1579 or Y1586 modulates metaflumizone sensitivity in a manner that is consistent with other SCI insecticides (Silver and Soderlund, 2007) . However, our data suggest that metaflumizone interacts with mammalian sodium channels in multiple conformational states and may bind to channels without inhibiting them in a manner that is distinct from other compounds in this insecticide class.
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Materials and Methods
Molecular Biology.
We used the rat Na v 1.4 channel to enable us to place our findings in the context of previous studies (Silver and Soderlund, 2005b , 2006 , 2007 . We coexpressed the Na v 1.4 α subunit with the rat β1 subunit because these channels exhibit aberrant inactivation gating when expressed alone in Xenopus laevis oocytes (Balser et al., 1996) . The cloned rat Na v 1.4 cDNA was obtained from R.G. Kallen (University of Pennsylvania, Philadelphia, PA) and the rat β1 subunit cDNA was obtained from W.A. Catterall (University of Washington, Seattle, WA). The F1579A and Y1586A mutations were introduced by site-directed mutagenesis as described previously (Silver and Soderlund, 2007 ) using a commercial kit (QuikChange XL, Stratagene, La Jolla, CA). Plasmid cDNAs were digested with restriction enzymes to provide linear templates for Na v 1.4 parental and mutated cRNA synthesis in vitro using a commercial kit (mMessage mMachine, Ambion, Austin, TX). The integrity of the cRNAs was determined by electrophoresis in 1% agarose-formaldehyde gels.
Oocyte Preparation and Injection.
Oocytes from female Xenopus frogs (Nasco, Ft. Atkinson, WI) were washed with Ca 2+ -free OR-2 + (containing in mM: 82.5 NaCl, 2 KCl, 1 MgCl 2 , 5 HEPES, adjusted pH to 7.6 with NaOH) before being digested in 1 mg/mL collagenase (type 1A, Sigma-Aldrich, St. Louis, MO) for approximately 60 min to loosen the surrounding follicle cells. Healthy stage V and VI oocytes were isolated and manually defolliculated with a pair of fine-tipped surgical forceps before being incubated overnight at 16 °C in ND-96 (containing in mM: 96 NaCl, 2 KCl, 1.8
CaCl2, 1 MgCl2, and 5 HEPES, adjusted to pH 7.6 with NaOH) solution supplemented with 6%
This article has not been copyedited and formatted. The final version may differ from this version. (Goldin, 1992) . Oocytes were pressure-injected with 50 nL of a 2:1 (mass ratio) mixture of β1
and parental or mutated rat Na v 1.4 channel α subunit cRNA. The α-subunit concentration ranged from 10 to 50 ng/mL, which yielded sodium current amplitudes between -10 and -30 μA. The injected oocytes were maintained at 16 °C in supplemented ND-96 media for 2-5 days before use.
Electrophysiology.
Electrophysiological experiments were conducted in disposable chambers fabricated from 0.25 in. Plexiglass and a glass coverslip sealed together with ethyl cyanoacrylate as described elsewhere (Smith and Soderlund, 1998 Currents were filtered at 5 kHz with a low-pass 4-pole Bessel filter and digitized at 50 kHz with a Digidata 1320A (Molecular Devices). Capacitive transient currents were subtracted using the P/N (N = 4) method (Bezanilla and Armstrong, 1977) . Electrophysiological recordings were initiated at least 5 min after clamping oocytes at a hyperpolarized membrane potential of -120 mV. Oocytes were perfused with ND-96 saline at about 0.45 ml/min using a custom-fabricated disposable passive capillary perfusion system similar to that described previously (Tatebayashi This article has not been copyedited and formatted. The final version may differ from this version. The voltage dependence of activation was determined by clamping oocytes at a membrane potential of -120 mV and recording sodium currents during 20-ms depolarizing test pulses ranging from -80 mV to 40 mV in 10-mV increments. To determine the voltage dependence of steady-state fast inactivation, oocytes were clamped at a holding potential of -120 mV and stimulated with a 200-ms conditioning prepulse to potentials ranging from -100 mV to 0 mV in 10-mV increments followed by a 20-ms test pulse to -10 mV. The voltage dependence of slow inactivation was determined by clamping oocytes at -120 mV and giving a 100-s conditioning prepulse to potentials ranging from -90 mV to 0 mV in 10-mV increments followed by a 50-ms hyperpolarization to -120 mV to completely recover fast-inactivated channels and then a 20-ms test pulse to -10 mV (Na v 1.4 and Na v 1.4/F1579A) or 0 mV (Na v 1.4/Y1586A). To avoid potential time-dependent cumulative effects, oocytes were held at -120 mV for >2 min between conditioning pulses. The effects of metaflumizone on activation and inactivation gating was assessed after 15 min of metaflumizone perfusion at a holding potential of -120 mV while sodium currents were measured every minute with a 20-ms test depolarization to -10 mV. The time course of inhibition by the insecticides was studied by clamping oocytes at a holding potential of -30 mV (Na v 1.4), -35 mV (Na v 1.4/F1579A) or -50 mV (Na v 1.4/Y1586A) and giving a 20-ms test depolarization to -10 mV preceded by a 2-s hyperpolarization to -120 mV that recovered a fraction (~45%) of sodium channels to the resting state, thus enabling a sodium current of adequate amplitude to be recorded (Salgado, 1992; Soderlund, 2005b, 2007 10 120 mV and stimulated at 20 Hz with trains of 0-20 brief (25-ms) conditioning depolarizing pulses to -50 mV, separated by 25-ms interpulse intervals, followed by a 20-ms test pulse to -10 mV. Pulse trains were separated by a 20-s interval at -120 mV to avoid possible time-dependent cumulative effects (Ragsdale et al., 1996) . Experiments in the presence of lidocaine were initiated after 10 min of lidocaine perfusion at a holding potential of -120 mV. For experiments characterizing the effects of SCI insecticides on use-dependent lidocaine inhibition, oocytes were clamped at -120 mV and perfused with a given insecticide for 15 min prior to changing the bath perfusate to one containing both the insecticide and lidocaine together for 10 min before pulse protocols were initiated. Additional details of voltage protocols used are provided in the figure legends.
Chemicals.
Metaflumizone and lidocaine were purchased from Sigma-Aldrich. RH 
Data Analysis and Statistics.
Data analysis was performed using Origin 8.1 (OriginLab Corp., Northampton, MA).
Conductance-voltage and sodium channel inactivation data was fitted using the Boltzmann
This article has not been copyedited and formatted. The final version may differ from this version. Statistical analyses were performed using Prism 5.0 (GraphPad Software, La Jolla, CA).
Statistical significance between two means was assessed using either paired or unpaired Student's t-test, depending on the design of the experiment. Statistical significance of two or more mean values from a single control data set was assessed using one-way analysis of variance (ANOVA) followed by Dunnett's post-hoc analysis. Differences were considered statistically significant when P < 0.05.
Results
Effects of Metaflumizone on Gating Properties of Wildtype Na v 1.4 Sodium Channels.
We first characterized the effects of 10 μM metaflumizone, the highest concentration achievable in ND-96 saline, on the voltage-dependent gating of Na v 1.4 sodium channels (Fig. 2) .
Statistical analyses of these data are summarized in Table 1 . Perfusion of metaflumizone for 15 min at a holding potential of -120 mV caused a 4.7 mV depolarizing shift in the midpoint potential (V 1/2 ) of activation but did not affect the slope factor of the voltage response curve for activation fitted with the Boltzmann equation ( Fig. 2A ; Table 1 ). Consequently, the amplitude of sodium currents measured at sub-maximal activation potentials were reduced in the presence of metaflumizone compared to the controls ( Fig. 2B ). At test potentials of -30 mV and -20 mV, the reduction in the amplitude of the sodium current by metaflumizone was statistically significant.
Metaflumizone had no effect on the voltage dependence of steady-state fast inactivation (Fig.   2C ). By contrast, metaflumizone increased the extent of maximal slow inactivation at depolarized potentials, shifted the midpoint potential for slow inactivation by 3.5 mV in the direction of hyperpolarization, and increased the slope of the voltage response compared to the control (Fig. 2D ).
Other SCI insecticides selectively inhibit voltage-gated sodium channels at depolarized membrane potentials that promote slow inactivation (Salgado, 1990 (Salgado, , 1992 Silver and Soderlund, 2005b) . Figure 3 illustrates the inhibition of sodium currents through Na v 1.4 sodium channels by 10 μM metaflumizone (Fig. 3A) , RH-4841 ( Fig. 3B) and DCJW ( Fig. 3C) after 15 min at a holding potential of -30 mV. Figure 3D shows the time course of sodium current inhibition by these compounds. Inhibition by metaflumizone and RH-4841 increased progressively over the 15 min of exposure, whereas inhibition by DCJW reached an apparent steady state after ~6 min of This article has not been copyedited and formatted. The final version may differ from this version. Figure 4 illustrates the voltage-(i.e. state) dependent inhibition of sodium currents through Na v 1.4 channels after 15 min of insecticide exposure. Insecticides had little or no effect on the peak current amplitude when oocytes were clamped at a holding potential of -120 mV, where channels were almost exclusively in the resting state. However, after 15 min of exposure at a holding potential of -60 mV, peak sodium currents were reduced to variable extents by all insecticides tested. Holding the membrane at -30 mV significantly increased the extent of inhibition by metaflumizone and RH-4841, whereas the extent of inhibition at -30 mV by DCJW was not significantly different from that at -60 mV.
Metaflumizone Interacts with the Local Anesthetic (LA) Receptor on Na v 1.4 Channels
Previous studies (O'Reilly et al., 2000; Bai et al., 2003) have demonstrated that mutations in DIV-S6 that alter local anesthetic binding also modulate slow inactivation gating in a residue-specific manner. Therefore, we initially characterized the effects of the F1579A and Y1586A mutations on the voltage dependence of slow inactivation in the absence of insecticides (Fig. 5A ). At depolarized potentials slow inactivation was more complete in Na v 1.4/Y1586A channels (~95% inactivation at 0 mV) than in Na v 1.4/F1579A (~80% inactivation at 0 mV) or Na v 1.4 channels (~82% inactivation at 0 mV). Neither mutation significantly affected the This article has not been copyedited and formatted. The final version may differ from this version. ± 0.7 mV, k = 9.3 ± 0.6). To avoid possible effects on insecticide potency caused indirectly by mutation-induced changes in the propensity of channels to occupy high affinity slow-inactivated states, oocytes were clamped at holding potentials of -35 mV (Na v 1.4/F1579A), or -50 mV (Na v 1.4/Y1586A) for studies of insecticide action. These holding potentials were empirically determined to produce fractional slow inactivation (~55%) equivalent to that in Na v 1.4 channels clamped at -30 mV (Fig. 5B) .
We used the F1579A and Y1586A mutations to determine if metaflumizone shares common molecular determinants on mammalian sodium channels with other SCI insecticides. Figure 6 shows the time course of inhibition of Na v 1.4/F1579A (Fig. 6A) and Na v 1.4/Y1586A (Fig. 6B ) channels by metaflumizone, RH-4841 and DCJW and Fig. 7 compares the extent of inhibition at 15 minutes for Na v 1.4, Na v 1.4/F1579A, and Na v 1.4/Y1586A by these compounds. Na v 1.4/F1579A channels were significantly less sensitive to inhibition than Na v 1.4 channels whereas Na v 1.4/Y1586A channels were significantly more sensitive to inhibition than Na v 1.4 channels.
Metaflumizone Binding in the Absence of Inhibition Selectively Attenuates Lidocaine
Inhibition of Fast-Inactivated Na v 1.4 Channels.
SCI drugs have been shown previously to interfere with the ability of SCI insecticides to inhibit mammalian voltage-gated sodium channels under experimental conditions where no inhibition by the drugs is observed (Silver and Soderlund, 2005b Figure 8A shows the effects of high frequency (20 Hz) stimulation on the extent of sodium channel inhibition by 200 μM lidocaine alone and in the presence of 10 μM metaflumizone, RH-4841, or DCJW. Figure 8B summarizes the statistical analyses of steady-state use-dependent inhibition. Repeated depolarization did not affect the stability of the peak transient sodium current in the absence of SCI drugs and insecticides.
Lidocaine reduced peak currents by 16.6 ± 1.1% and 40.0 ± 1.0% after 0 and 10 depolarizing prepulses, respectively. None of the SCI insecticides exhibited any detectable use-dependent inhibition of sodium channels under these conditions (data not shown). However, metaflumizone significantly antagonized the extent of lidocaine inhibition after 10 depolarizing prepulses.
Metaflumizone also slightly reduced the extent of tonic sodium channel inhibition by lidocaine after 0 prepulses, but this effect was not statistically significant. Neither RH-4841 nor DCJW interfered with the tonic or use-dependent inhibition of sodium currents by lidocaine.
Discussion
This is the first report of the action of metaflumizone on mammalian voltage-gated sodium channels. The gating properties of Na v 1.4+β1 channel complexes that we describe here are in good agreement with the properties of these channels reported in previous studies. Minor differences between our data and previously published data can likely be explained by differences in experimental conditions, such as the choice of expression system or the details of the pulse protocols employed.
Molecules that modify ion channel function often interact preferentially with channels in one conformational state. Negative holding potentials placed Na v 1.4 channels predominantly in the resting state, making them virtually insensitive to inhibition by the highest soluble concentration of metaflumizone or any other SCI insecticide tested. Holding the membrane potential at -60 mV caused partial inactivation of channels and facilitated insecticide inhibition.
In contrast to DCJW, the extent of inhibition by metaflumizone and RH-4841 was significantly greater at -30 mV, where channel inactivation was more complete than at -60 mV. These findings are consistent with previous studies of metaflumizone and other SCI insecticides (Silver and Soderlund, 2005b; Salgado and Hayashi, 2007) and have been interpreted as evidence that SCI insecticides preferentially interact with slow-inactivated channels.
Fast inactivation in sodium channels terminates sodium conductance within milliseconds after depolarization and involves occlusion of the inner pore of the channel by the highly conserved inactivation gate in the intracellular linker between domains III and IV (Goldin, 2003) . However, channel opening is not a prerequisite for fast inactivation because channels can enter the fast-inactivated state from the resting state following brief depolarization to potentials This article has not been copyedited and formatted. The final version may differ from this version. below the activation threshold (Ragsdale et al., 1996) . Under our experimental conditions, metaflumizone had no effect on the voltage dependence of fast inactivation that was measured with standard 200-ms prepulses. This result is consistent with data from recent studies with metaflumizone on cloned cockroach sodium channels expressed in Xenopus oocytes (Silver et al., 2009 ) and the current hypothesis that SCI insecticides inhibition occurs selectively only under experimental conditions that promote slow inactivation.
Slow inactivation of sodium channels occurs following sustained depolarization or prolonged high-frequency stimulation and exhibits development and recovery kinetics on the order of seconds to minutes (for reviews see Vilin and Ruben, 2001; Ulbricht, 2005) . The molecular basis of slow inactivation is poorly understood, but it is different from fast inactivation because internal protease perfusion or amino acid substitutions that disable the fast-inactivation gate do not interfere with slow inactivation (Goldin, 2003) . Slow inactivation of Na v 1.4 channels in our assays developed at potentials negative to channel opening but positive to fast inactivation, as previously reported (O'Reilly et al., 2001; McNulty and Hanck, 2004) .
Metaflumizone enhanced the extent of slow inactivation and caused a modest hyperpolarizing shift in the voltage dependence of slow inactivation. These effects provide further evidence that SCI insecticides preferentially target and stabilize channels in a slow-inactivated state (Salgado, 1992) . However, the 100-s conditioning pulses used to measure slow inactivation were too short to allow the slow inhibition by metaflumizone to develop completely. Therefore, our data are likely to underestimate the magnitude of the effects of metaflumizone on the voltage dependence of slow inactivation. In contrast to our data, Silver et al. (2009) Substituting alanine at F1579 or Y1586 in the rat Na v 1.4 channel produced marked effects on metaflumizone and RH-4841 sensitivity that are consistent with previous studies in Na v 1.4 with other SCI insecticides (Silver and Soderlund, 2007) . The F1579A mutation reduced the sensitivity to metaflumizone, RH-4841, and DCJW, an effect that is also consistent with the impact of this mutation on the state-dependent inhibition of SCI drugs (Wang et al., 1998) . These data indicate that metaflumizone and RH-4841 share common molecular determinants on mammalian sodium channels with other SCI insecticides and therapeutic drugs acting at the LA receptor. The Y1586A mutation significantly increased the sensitivity of Na v 1.4 to metaflumizone and RH-4841, which is consistent with results from previous studies with this sodium channel isoform and other compounds in this insecticide class. Mutations at this position appear to strongly influence the state-dependent inhibition of local anesthetics but not of other therapeutic SCI drugs (for review see Mike and Lukacs, 2010) . Studies of the impact of different amino acid substitutions at Y1717 in rat Na v 1.3 channels (analogous to Y1586 in Na v 1.4) expressed in Xenopus oocytes suggest that this residue does not directly contribute to the LA receptor (Li et al., 1999) . A molecular model of the LA receptor in Na v 1.4 channels indicates that the convergence of S6 segments constrains space in the inner pore, especially in the region of Y1586 (Lipkind and Fozzard, 2005) . We hypothesize that the much smaller alanine side chain in the Y1586A mutation indirectly increases SCI insecticide inhibition of rat Na v 1.4 channels by reducing steric hindrance, thereby enhancing binding interaction between the insecticide and other inner-pore residues as suggested previously (Silver and Soderlund, 2007) .
Perfusion of metaflumizone at a hyperpolarized holding potential reduced the voltage- evidence that binding of SCI insecticides to channels is not always accompanied by channel inhibition (Silver and Soderlund, 2005b; Silver and Soderlund, 2007) and suggest that metaflumizone, unlike other rigid, nearly planar SCI insecticides, is able to bind to the LA receptor in multiple conformational states. Interestingly, metaflumizone did not significantly affect the level of resting inhibition by lidocaine that was evident upon depolarization following 0 prepulses. Resting and inactivated sodium channels may possess fundamentally distinct drug binding sites (Hille, 1977; Lenkey et al., 2011) . Thus, the ability of metaflumizone to antagonize lidocaine inhibition of fast-inactivated but not resting sodium channels offers further evidence for different drug receptor conformations on resting and inactivated sodium channels.
Selective binding to sodium channels in slow-inactivated states may also produce therapeutically useful effects. The antihypertensive drug mibefradil (McNulty and Hanck, 2004) , the anticonvulsant lacosamide (Errington et al., 2008) , and the investigational compound for neuropathic pain Z123212 (Hildebrand et al., 2011) preferentially target sodium channels in the slow-inactivated state. However, the properties that distinguish between neurotoxic and therapeutic SCIs are presently unknown. Therefore, SCI insecticides represent additional novel and unique chemical probes that may be useful for understanding the molecular details of ligandreceptor interactions that underlie the toxic or therapeutic effects of agents that target slowinactivated channels.
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